Abstract
INTRODUCTION
In pressurized conduits, changes in boundary conditions cause some perturbations in the fluid to be generated in order to regulate the flow rate. These changes may occur due to different factors including start-up or failure of the pump and turbine or fast opening or closing of the valve, to name a few. As a result, a series of positive and negative pressure waves propagate along the passage with the wave speed which, in turn, cause serious problems such as pipe failure, hydraulic equipment damage, corrosion, and cavitation. This phenomenon is then referred to as "water-hammer," if the working fluid is water, otherwise, is called "fluid-hammer."
Previous studies have mostly focused primarily on the transient flow of Newtonian fluids through straight pipes, and have not investigated how helicity and non-Newtonian features influence flow behavior. Ghidaoui et al. [1] presented a literature review on historic developments and novel research and practices in the field of hydraulic transients. The behavior of unsteady velocity profiles in transient flow problems has already been investigated by several researchers such as Silva-Araya and Chaudhry [2] , Ghidaoui and Kolyshkin [3] , Wahba [4] , and Riasi et al. [5] . However, the nonNewtonian fast transient flows in straight pipes have received, comparatively, much less attention. For instance, Wahba [6] used the power-law model to investigate shear-thinning and shear-thickening effects of fluid on the transient flow behavior. Tazraei and Riasi [7] also introduced a desirable approach using the Carreau model and reported how non-Newtonian effects could significantly influence the flow behavior through straight pipes.
Secondary flows which are induced as a result of fluid flowing in curved tubes have significant ability to enhance the heat transfer rate due to the mixing of the flow. Furthermore, the compact structure of helical pipes allows them to be used in many applications such as chemical reactors, power generators, heat exchangers and refrigerators. Dean [8, 9] was the first who mathematically analyzed the problem of flow in a coiled pipe, in which the steady flow of an incompressible fluid through a coiled pipe was considered. It was found out that the flow characteristics depend upon a single parameter, the Dean number which is defined as  Berger et al. [10] . Recently, a great deal of attention has been paid to secondary flows formed in helical pipe flows. Germano [11] found that helicity of the coils greatly influences the secondary flow.
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Despite the importance of non-Newtonian flow fields through helical pipes in the polymer industry, biomedical science, and biochemical processing, relatively few such studies have been reported to date. Tazraei et al. [13] studied the blood-hammer phenomenon through the posterior cerebral artery and discussed how the velocity and wall shear stress profiles are affected by the nonNewtonian properties of blood. Some other works have been devoted to the study of shear-thinning blood flow with an emphasis on the curved path of arteries. The importance of these studies is that arterial flows, in reality, experience substantial secondary flows originating from the curvature of the flow path, varying cross-section, bifurcations, or surface protrusions. So their results give a general idea of the effects that one may come across in real arteries. The flow of a power-law fluid through a curved pipe has been analytically studied by Agrawal et al. [14] . They used the perturbation method to find an approximate analytical solution of the axial velocity and the stream function. Gijsen et al. [15] examined the non-Newtonian unsteady flow in a curved tube both numerically and experimentally. They employed the Carreau-Yasuda model to incorporate shear-thinning behavior of the blood and found a significant discrepancy in velocity profiles between the Newtonian and nonNewtonian cases. Cherry and Eaton [16] simulated the blood flows with Newtonian and nonNewtonian models in straight and curved paths. They modeled shear-thinning viscosity as a function, which fits the experimental data, of the local shear rate and compared the strength of secondary flows between the Newtonian and non-Newtonian cases.
Since the literature lacks a comprehensive study of the non-Newtonian fast transient flows through helical pipes, the main purpose of the current study is to bridge the gap between the transient flows in helical pipes and the fluid-hammer theory. This is done through employing the power-law model to describe the viscosity of the non-Newtonian fluid, and using a three-dimensional numerical model to solve the equations governing the problem. In this way, a parametric study has been conducted in order to investigate the non-Newtonian effects of the fluid on the behavior of unsteady velocity and shear stress profiles, the pattern of the Dean vortex, and the strength of the secondary flows.
MATHEMATICAL MODELING AND NUMERICAL PROCEDURE
Governing equations describing unsteady compressible flows in full three-dimensional form can be expressed as the following continuity and momentum equations. Using Einstein's tensor notation, the governing equations read as follows [17] 
where i and j are indices running from 1 to 3 and represent the three spatial directions, x is the spatial coordinate,  is the fluid density, t is the time, u is the velocity component and  is the shear stress.
The acoustic wave speed considering the effects of both fluid compressibility and pipe flexibility is defined as
Where E is the Young's modulus of the pipe wall, K is the bulk modulus of the fluid, D is the pipe diameter, and e is the pipe wall thickness. The density can be expressed in terms of the created overpressure in the flow as
 is the density of the fluid at the undisturbed state, and P is the static pressure. For the power-law fluid, the general form of the constitutive equation can be expressed as [18] 
At the steady state, the generalized Reynolds number is given by [19] 
for which, 0 U is the average of axial velocity over the pipe cross-section. In this paper, flow through a helical pipe, which is made up of copper is investigated and the friction factor can be defined in terms of the generalized Reynolds number,
A commercial CFD code has been employed, through which the discretized equations are solved in a segregated manner. In addition, the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm which is one of the most common pressure-velocity coupling algorithms is used herein to compute the pressure from the momentum and continuity equations. Also, the second order upwind spatial discretization and the common first-order implicit time integration scheme are employed to integrate the mass and momentum equations. The details of the case studies are listed in Table 1 
MODEL VERIFICATION AND VALIDATION
In this section, verification (numerical uncertainty) and validation (comparison with the experimental data) of the numerical scheme are carried out to ascertain its effectiveness.
Verification
The objective of verification is to check if the numerical accuracy is independent of the physical modeling [20] . Hence, according to Table 1 , the case study for the unit power-law index has been considered. Three different mesh sizes and accordingly time step sizes including a course, fine, and finer grids have been tabulated in Table 2 . Based on the grid convergence index (GCI), the uncertainty estimation detailed in Table 3 demonstrates that the numerical uncertainties are in the acceptable range. Similar GCI tests were performed on the shear-thinning and shear-thickening cases, which confirmed the grid and time-step independencies. 
Validation
A geometry exactly the same as the one used by Holmboe and Rouleau [21] was regenerated on which the approach, followed in this work, was implemented for the sake of validation of the model. Also, all the grid resolutions and other contributing factors applied herein have been verified according to the past subsection. Fig. 2 . As is evident, the numerical results are in good agreement with the measured data and the simulation accurately resolves both the pressure amplitude and pressure phase.
NUMERICAL RESULTS
This section sheds light on how variations of the power-law index influence the pressure response, velocity and shear stress profiles, and secondary flows in the case of fluid-hammer. 
Pressure Head Response

Velocity Profiles
The velocity profiles corresponding to the Newtonian case during the first wave cycle at the pipe midpoint are shown in Fig. 4 . Figs 
, respectively. These two figures depict the influence of the power-law index variation on the velocity profile. As shown, as the power-law index decreases, the location at which the maximum axial velocity happens shifts toward the pipe wall. This, in turn, implies that the region of reverse flows and strong gradients gets closer to the pipe wall.
Shear Stress
Shear stress profile corresponding to the Newtonian fluid during the first wave cycle at the pipe midpoint is shown in Fig. 7 . It is worth noting that the shear stress is normalized by   
Secondary Flows
The curved shape of the helical pipes gives rise to the centrifugal force acting on the flow. Two factors determine the magnitude of the centrifugal force. The first one is the local axial velocity of the fluid particles and the second factor is the radius of curvature of the coil. In the near pipe wall, the fluid particles experience a lower centrifugal force than those which are in the core region of the cross-section. Thus, the fluid particles are pushed from the core region (O) toward the outer wall (B), where bifurcation occurs, and then appeared to be pushed toward the inner wall (A) along the pipe periphery, causing generation of the secondary flows composed of counter-rotating vortices known as Table 2 . Grid independency study Table 3 . The details of the uncertainty estimation Table 4 . Strength of the axial vorticities formed in the upper half of the cross-section Table 1 Power 
